Two Layered Mantle Convection Model
Oceanography March 2010 43 oceanic islands, atolls, and seamounts are scattered over the ocean floor (Hillier and Watts, 2007) , whereby the absolute number depends on the methods and minimum size cut-offs used in seamount counts (Wessel et al., 2010) .
Seamounts offer a much-used window in our understanding of processes occurring in Earth's lithosphere and the mantle domain beneath. Through seamount research, key advances have been made in our understanding of (1) Earth's mantle (Morgan, 1971 ). In the now classic "hotspot" model, mushroom-shaped plume heads are believed to cause the formation of voluminous large igneous provinces (e.g., flood basalts, oceanic plateaus) on the surface of the overriding tectonic plates when they impinge on the base of the lithosphere and flatten out (Griffiths and Campbell, 1991) . These impingements also mark the beginnings of narrow iNtroDuctioN For centuries, scholars believed the ocean floor was featureless and without any significant topography. Seamounts, primarily of volcanic origin, were not discovered until the 1940s when US Navy ships using first-generation echosounders started to map the deep ocean floor of the Central Pacific (Hess, 1946) . The discovery of seamounts and other seafloor topographic features, such as mid-ocean ridges, transform faults, and deep-sea trenches, ushered scientists into a new wave of ocean exploration, ultimately providing the key evidence needed to support the plate tectonics (Wilson 1965; McKenzie and Parker, 1967; Morgan, 1968; McKenzie and Morgan, 1969) and the hotspot and plume hypotheses (Wilson, 1963; Morgan, 1971) . These scientific transformations placed marine geology and geophysics in a completely new geodynamical light and provided an impetus for seamount research. Today, we estimate that more than 200,000 volcanic aBstr act. Seamounts are windows into the deep Earth that are helping to elucidate various deep Earth processes. For example, thermal and mechanical properties of oceanic lithosphere can be determined from the flexing of oceanic crust caused by the growth of seamounts on top of it. Seamount trails also are excellent recorders of absolute plate tectonic motions and provide key insights into the relationships among plate motion, plume motion, whole-Earth motion, and mantle convection. And, because seamounts are created from the partial melts of deep mantle sources, they offer unique glimpses into the chemical development and heterogeneity of Earth's deepest regions. Current research efforts focus on resolving the fundamental differences between magmas generated by passive upwelling from upper mantle regions and deep mantle plumes rising from the core-mantle boundary, mapping the different modes of mantle plumes and mantle convection, reconciling fixed and nonfixed mantle plumes, and understanding the prolonged volcanic evolution of seamounts. The role of intraplate seamounts is pivotal to this research, and we must collect vast amounts more geochemical and geophysical data to advance our knowledge. These data needs leave the ocean wide open for future seamount exploration.
Oceanography Vol.23, No.1 44 (more or less linear) seamount trails that form as the plates constantly move over the "fixed" loci of the upwelling mantle plume stems (Richards et al., 1989) .
Many observations are consistent with the existence of mantle plumes.
Large mid-plate topographic swells (typically 1500-3000-km wide, up to 1500-m high, and correlating with longwavelength gravity and geoid anomalies) have been found at the leading edges of many active seamount trails. The correlation implies that the swells are supported at depth by low-density subcrustal mantle material. This large-scale warping of otherwise rigid lithosphere is most noticeable for the Hawaiian-Emperor seamount trail (e.g., Watts, 1976) and is believed to be directly related to the buoyancy of a plume and its interaction with the overlying Pacific Plate (Figure 1) . Mapping of these swells using satellite-derived gravity and geoid data, for instance, allowed scientists to equate the sizes of these swells to vertical plume fluxes. Although the volume of active intraplate volcanism is small compared to island arc volcanism and the formation of the oceanic crust at the mid-ocean ridges, plume fluxes ranging from 1.0 Mg s -1 (Canary) to 8.7 Mg s -1 (Hawai`i) become significant when integrated over geological time and including all known hotspot systems (Davies, 1988; Sleep, 1990 2), this archetypical seamount trail is exemplified by a deep flexural moat along its entire length and a significant mid-plate swell only prevalent toward the young southeastern end. The linearity of this seamount trail, in combination with a large mid-plate swell and a systematic age progression (with radiometric ages increasing toward the older northwestern end; see figure 2), provides strong evidence for the existence of a mantle plume, maybe originating deep in the mantle from a thermal anomaly (see simulation at the bottom by Van Keken [1997] ). in this model, the seamount trail only forms after the plume head has dissipated and the narrow plume stem starts interacting with the lithosphere. Because the older emperor seamounts have all been subducted into the aleutian trench to the north, the fate of the plume head and any link to large igneous province volcanism are unidentified.
Oceanography March 2010 45 inclined, plump, and broken up over their lengths (e.g., Steinberger and O'Connell, 1998; Steinberger, 2000; Farnetani and Samuel, 2003; Davaille and Vatteville, 2005; Lin and van Keken, 2006b; Davies and Davies, 2009 Primary hotspots (Courtillot et al., 2003) are few and far between and consist of long-lived, voluminous, and age-progressive seamount trails, like the HawaiianEmperor ( Figure 1 ) and Louisville ridges.
Secondary hotspots such as Pitcairn, Samoa, and Tahiti are short-lived and much less voluminous (Courtillot et al., 2003 ), yet they form the majority of the seamount trails in the Pacific (Koppers et al., 2003 (Courtillot et al., 2003) and are thought by some to be the volcanic products of plate processes associated with (subduction-induced)
figure 2. example of "dynamic" (or even chaotic) modeled mantle plume behavior by Davies and Davies (2009) , showing evidence for a variety of plume types.
extensional "cracks. " Alternate geodynamic models, therefore, have been proposed to explain the formation of tertiary trails (e.g., Foulger and Natland, 2003; Natland and Winterer, 2005) or to clarify complications observed in the data of primary and secondary hotspot trails (e.g., Koppers and Staudigel, 2005; Koppers et al., 2008) .
One of the first seamount trails for which an alternative (i.e., not a mantle plume) explanation was offered was Puka Puka Ridge in the south-central Pacific (Winterer and Sandwell, 1987; Sandwell et al., 1995) . This tertiary hotspot formed an elongate volcanic ridge that is located on oceanic crust with a low elastic thickness and is aligned in the direction of Pacific absolute plate motion (Goodwillie, 1995) . Consequently, this seamount trail was not attributed to classical hotspot volcanism, but rather to small-scale mantle convection occurring directly below the lithosphere, cracking of the lithosphere, or thermal contraction occurring orthogonal to the direction of an aging and cooling oceanic plate (Sandwell et al., 1995; Sandwell and Fialko, 2004 (Morgan, 1971 (Morgan, , 1972 Muller et al., 1993; Wessel and Kroenke, 2008) . (Steinberger and O'Connell, 1998; Tarduno et al., 2003 Tarduno et al., , 2009 Steinberger et al., 2004) . Redating of the Louisville seamount trail (Koppers et al., 2004) has shown that a formerly "linear" age progression (Watts et al., 1988 ) is, in fact, nonlinear, with variations in both hotspot and plate motions, Duncan and Keller (2004) , and sharp and clague (2006) . although the highly linear morphology of this seamount trail is more intricate when viewed close up (Jackson et al., 1972) , these K/ar and 40 ar/ 39 ar age data show a systematic (and more or less linear) aging of the shields of these volcanic islands and seamounts to the northwest and across the sharp 120° hawaiian-emperor Bend (heB).
which raises the question whether the Louisville hotspot has been moving in a similar fashion as the Hawaiian hotspot.
The latest mantle convection simulations seem to suggest that Louisville hasn't moved south nearly as much as Hawai`i, as the "mantle wind" seems to predominantly blow from west to east in the southwest quadrant of the Pacific (Steinberger and Antretter, 2006) . Other hotspot trails show either no or complex age progressions (Davis et al., 2002; Koppers et al., 2003) , have Hawaiiantype bends that predate the HEB by 10 to 20 million years (Koppers and Staudigel, 2005; Koppers et al., 2007) , or in general have age progressions incompatible with existing plate rotation models (Koppers et al., 1998 (Koppers et al., , 2001 Sharp and Clague, 2006) , and the Louisville Ridge (Lindle et al., 2008) show that these seamount trails possess linear age progressions, providing us with supporting evidence for typical primary hotspot systems in the Pacific.
the Physical state of a tectoNic Plate iNcluDiNg seaMouNts 
F I X E D H A W A I I A N H O T S P O T
Seamount Age (Ma) figure 4. Plume motion of the hawaiian hotspot becomes apparent in paleomagnetic data, showing an estimated ~ 15° southern motion between 80 and 50 million years ago, when comparing the measured paleolatitudes with the current latitude of the hawaiian hotspot at 19°N (tarduno et al., 2003) . By applying a linear regression through the paleolatitude data from Detroit, suiko, Nintoku, and Koko seamounts, a hotspot motion of approximately 43 ± 23 mm yr -1 is estimated. as Koko has a paleolatitude close to 19°N, it has been argued that the hawaiian hotspot motion between 50 million years ago and the present day is minor.
bodies have been interpreted as material that, rather than intruding into the oceanic crust, has spread laterally and is underplating the crust (Watts et al., 1985; Caress et al., 1995; Weigel and Grevemeyer, 1999) figure 5. example data from tenerife (Watts et al., 1997) showing a typical seismic velocity (in km s -1 ) and density model (in kg m -3 ) of the atlantic oceanic crust in the canary islands. The sediment infill of the flexural moat (light green color) is clearly indicated by low velocities and low densities, whereas mantle rocks in the asthenosphere (purple color) are recognized by high seismic velocities and high rock densities. flexural modeling provides a robust estimate of T e = 25 km (dark gray color) with no additional magmatic underplating necessary. The cartoons on the right explain the concept of lithospheric flexure upon the loading of an oceanic lithosphere by a seamount (and the volcanic sediments they generate in their aprons) and the calculation of elastic plate thickness T e that provides a measure for both the strength and thermal character of a flexed oceanic crust. Modified after Hillier (2007) thermal contraction that strengthens lithosphere during its cooling and loadinduced stress relaxation that weakens it. The net effect is for the oceanic lithosphere to strengthen with age. . Distribution map of "on-ridge" vs. "off-ridge" seamounts based on gravity and flexure modeling (Watts, 2001; Watts et al., 2006) . elastic thickness T e is one parameter that is sensitive to whether a seamount formed nearby or far away from a mid-ocean ridge, as it is a proxy for the long-term strength and age of oceanic lithosphere. using satellite-derived gravity anomaly data, Watts et al. (2006) could make 9758 T e estimates in the Pacific, indian, and atlantic oceans combined. These T e estimates then could be assigned a tectonic setting in which the seamounts presumably formed, whereby T e estimates < 12 km are typical for seamounts formed on top of young "on-ridge" oceanic crust, and estimates > 20 km are typical for seamounts formed on older and thicker oceanic crust in "off-ridge" or true "intraplate" tectonic settings. 
seaMouNt geocheMistry aND MaNtle geoDyNaMics
The proposed mantle plume source for intraplate seamounts and volcanic islands make them the ultimate geochemical window for detecting deep mantle domains (e.g., Hart et al., 1973; White et al., 1976; Allègre, 1982; Hofmann and White, 1982; McKenzie and O'Nions, 1983; Hawkesworth et al., 1984; Zindler and Hart, 1986 ) and for constraining different regimes of mantle convection (e.g., Galer and O'Nions, 1985; Allègre and Turcotte, 1986; Albarede and van der Hilst, 2002) . As radiogenic isotopes (Figure 7 ) and highly incompatible trace element ratios can be used to trace and fingerprint various mantle components being recycled at subduction zones (see Hofmann, 2003, for a review), scientists nowadays know the mantle to be remarkably heterogeneous in character. As a result, various "marble-cake" and "multilayered" Zindler and hart, 1986; hart et al., 1992) . DMM is the depleted MorB mantle end member, which is regarded as the dominant upper mantle source upwelling beneath mid-ocean ridges. eMi is the first enriched mantle end member injected back into the mantle through the subduction process. This particular end member is likely to be recycled subcontinental lithospheric mantle that subsequently also has been altered by the interaction of co 2 -rich fluids (i.e., metasomatized) while in the mantle. eMii is the second enriched mantle end member that commonly is equated to the recycling of pelagic sediment that forms on top of the oceanic crust in the open ocean environment. hiMu is a mantle end member that today is characterized by a high 206 Pb/ 204 Pb or "µ-ratio" due to its isolation in the mantle for long periods of time and a high 238 u/ 204 Pb ratio in the source rocks. typically, this end member is believed to be recycled, altered oceanic crust. foZo is the focal zone component and appears in the "center" or "focal point" of all isotopic data shown in both diagrams. Whether or not foZo is a "real" component present in the mantle is still under debate, yet most seamount trails and ocean island provinces show data arrays pointing toward foZo. (e.g., the Honolulu Volcanic Series). In figure 8 . Based on a combination of geochemical and geophysical observations, different mantle convection and "earth structure" models have entered the literature since the early 1970s. first, it was shown that the mantle source materials for MorB and oiB basalts were different based on the earliest 87 sr/ 86 sr isotope measurements (hart, 1971; hart et al., 1973) . to explain this difference, schilling (1973a, 1973b) brought in the concept of mantle plumes originating in the lower mantle. using new 143 Nd/ 144 Nd isotope evidence, Wasserburg, DePaolo, and Jacobsen (Jacobsen and Wasserburg, 1979; Wasserburg and Depaolo, 1979) then argued that part of the mantle may be (more) "primitive" and from this proposed the two-layered mantle model. however, Zindler et al. (1982) demonstrated that the mantle must contain at least three components, setting the stage for more complex mantle models later on. Various versions of "marble-cake, " "two-stage, " and "deep-layer" whole-mantle convection models have by now been proposed (e.g., Zindler et al., 1984; allègre and turcotte, 1986; Kellogg et al., 1999; Phipps Morgan and Morgan, 1999) , often combining both geochemical and geophysical evidence, such as seismological data providing tomographic evidence for the penetration of subducting slabs into the lower mantle (e.g., Van der hilst et al., 1997) . and incompatible elements (e.g., Hart, 1971; Zindler and Hart, 1986) . OIB also show significantly larger variations in isotope and trace element compositions (e.g., Staudigel et al., 1991) . pyroxenite, or eclogite (e.g., Lupton and Craig, 1975; Zindler and Hart, 1986; Menzies and Hawkesworth, 1987; Hart, 1988; McDonough, 1991; Plank and Langmuir, 1998; Class and le Roex, 2006, 2008; Jackson et al., 2007) . A related issue that remains to be discussed is the persistence or longevity of mantle components in a vigorously convecting mantle (Staudigel et al., 1991; Koppers et al., 2003) , which is directly coupled to the development, dispersal, and destruction of thermo-chemical mantle upwellings (Farnetani and Samuel, 2005; Lin and van Keken, 2006a; Davies and Davies, 2009 see Figure 7 ). However, it is starting to become clear now that, on large length scales (up to a couple of hundred kilometers), mantle sources are consistently present over at least tens or even hundreds of millions of years . Although the Hawaiian hotspot has been sampling only a relatively small mantle region a few hundred kilometers in diameter (Wolfe et al., 2009) , it has been producing shield lavas of more or less similar isotopic geochemistry for more than 80 million years . Another good example is the Dupal mantle anomaly that spans the entire globe in a large band south of the equator (Hart, 1984) and that is isotopically unique in exhib- an enigma, yet it is thought that early on in Earth's history, some of the lower continental crust was "stranded" in the lower mantle, where it has remained ever since to form the largest isotopic mantle anomaly observed both today (Castillo, 1988) and far back into geological time (Staudigel et al., 1991; Peate et al., 1999) . has been dubbed the "subduction zone factory" (e.g., Stern, 2002; Kelley et al., 2005; Tollstrup and Gill, 2005 Figure 7 ) for intraplate OIB seamounts again (see .
Finally, seamount petrology and geochemistry can be used to probe the potential temperatures of the mantle sources. In the case of intraplate seamounts and oceanic islands, petrology and geochemistry provide estimates of the temperature anomalies associated with hotspots and mantle plumes (Herzberg et al., 2007; Putirka, 2008) . When compared to the mean 1350 ± 50°C temperature (Courtier et al., 2007) of an upper mantle MORB source, many hotspots are modeled to have increased temperatures 100 to 300°C (Putirka, 2008) or 150 ± 100°C (Courtier et al., 2007) higher. However, other researchers claim that these excess temperatures are not necessary and that some seamount trails are rather evidence for "damp, " "wet, " and "cold" 
